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Abstract

The objective of this study is to investigate the effect of solvent based nanofluid flooding followed by
waterflooding on heavy oil recovery performance and sweep efficiency improvement in unconsolidated oil-
wet porous media. The sweep efficiency improvement is correlated with in-situ emulsion generation during
such displacement and is monitored with a CT scanner.

Partially hydrophobic silica NPs with proper interface affinity was firstly synthesized, and subsequently
dispersed in toluene along with a surfactant to prepare the solvent based nanofluid. The solvent based
nanofluid was then injected into an oil saturated sandpack at different slug sizes and further chased by
brine to investigate the sweep efficiency improvement through possible emulsification. To investigate the
beneficial effect of NPs, the aforementioned flooding was compared against conventional solvent flooding
followed by waterflooding. The displacement patterns were monitored with a CT-scanner to assess the heavy
oil recovery performance in the absence or presence of the solvent based nanofluid.

The fluid density profiles during solvent based NF flooding followed by waterflooding were extracted
from CT-scan images and compared against conventional solvent flooding followed by waterflooding to
assess potential sweep efficiency improvement. The results revealed an increase in sweep efficiency during
solvent based NF flooding followed by waterflooding. This was related to the creation of in-situ emulsion at
the water-diluted oil interface due to the presence of NPs and surfactant in diluted oil. Unlike conventional
solvent flooding where post water created several fingers through porous media, the water phase in solvent
based nanofluid flooding was able to displace all the lower resistance paths created by the solvent based
nanofluid. Moreover, chase water was able to recover almost all of the solvent in solvent based NF flooding,
which is essential for the process to be economically viable. In general, the presence of solvent based NF
was found to be effective in re- distributing the preferential water flow paths in to a more uniform front,
which suppressed the fingering in turn and resulted in later water breakthrough, better sweep efficiency,
and higher oil recovery.
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The proposed solvent based nanofluid flooding has not been tested so far as a heavy oil recovery
technique. Unlike conventional solvent flooding which can suffer from high residual solvent to
waterflooding, this technique revealed negligible residual solvent upon waterflooding. Moreover, it was
found to be effective in sweep efficiency improvement and heavy oil recovery compared to conventional
solvent flooding.

INTRODUCTION

The key problem in heavy oil reservoirs is inefficient sweep due to the low mobility of the oil !. With the
primary production, around only 5 % of the heavy oil in place could be recovered > and waterflooding,
as the most commonly used and economically viable form of secondary recovery, could merely produce
another 5 to 10% of the heavy oil in place 3. This is because a large proportion of oil is bypassed due to
viscous fingers caused by the adverse mobility ratio between the viscous oil and water. The most commonly
used techniques to improve the recovery of heavy oil are aimed to reduce the oil viscosity by using steam
or solvents 2.

Although thermal methods including steam flooding, cyclic steam stimulation (CSS), SAGD and in-
situ combustion have been applied as the most effective techniques to recover heavy oil by oil viscosity
reduction as well as oil production by gravity and viscous displacements 3, their application to deep or
thin heavy oil reservoirs is economically unfeasible due to heat losses to overburden, underburden, and
aquifer ¢. Furthermore, high energy consumption, CO, emission, fresh water source requirements for steam
generation, and waste water treatment has attracted more attention to the use of non-thermal methods to
enhance heavy oil recovery °.

Solvent flooding is one of the non-thermal methods which is aimed to develop miscibility with the oil
phase to mobilize the residual oil and enhance the mobility of hydrocarbon phase by oil viscosity reduction
79, Several solvents including aromatic hydrocarbons such as toluene, benzene, and xylene as well as
paraffinic hydrocarbons such as propane, butane, pentane, hexane, etc. can be dissolved in heavy oil '°.
However, solvent injection is cost sensitive - ! and requires an optimization by maximizing the solvent
retrieval and optimizing the amount injected 7. Due to the cost of miscible solvents, slug processes are
generally used. The required slug size is affected by several parameters such as reservoir heterogeneity, well
spacing, gravity effects, mobility ratios, etc. 2.

In heavy oil reservoirs, solvent injection can be conducted solely in the form of vapor extraction (VAPEX)
13 or cyclic solvent injection (CSI) or can be applied in combination with a thermal method 7. The use of
solvent with thermal methods to further reduce the oil viscosity has been considered widely in the form
of LASER (liquid addition to steam to enhance recovery) or other hybrid steam-solvent processes such as
ES-SAGD 4. There are also several studies which tested solvent co-injection with steam, pre-injection of
solvent prior to steam injection processes -2, or solvent alternating steam injection '+ 2!, In such processes,
solvent dissolves to the oil to decrease oil viscosity and enhance the oil mobility in the vicinity of steam
chamber boundary 2>-23. Therefore, the combined effect of heat transfer and dilution in steam-based solvent
processes for heavy oil recovery yields a better result than the application of steam or cold solvent alone
13, 24-32

For reservoirs with not extremely heavy oil (or bitumen), solvent injection can be done solely in
homogeneous ** and heterogeneous reservoirs > 337, Although solvent injection in such reservoirs results
in high local displacement efficiency, the overall efficiency of the process can be compromised by viscous
fingering, channeling, and gravity override ® 3439, One method to overcome the poor mobility ratio is to
conduct water alternating solvent (WAS) injection % 40, This process has been also found to be effective in
solvent retrieval due to the presence of water slugs, which make the process economically viable 7 40,

There are also some studies that reported the use of emulsified solvent flooding (s/w emulsion) as an
alternative to miscible solvent injection #'-#2. The idea is very similar to that of o/w emulsion flooding for
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improving the waterflood performance and controlling the mobility . There are some advantages with this
process including higher displacement efficiency with lower cost due to the reduced solvent requirement.
Moreover, emulsified solvent flooding would be less prone to viscous fingering compared to miscible
solvent flooding, resulting in sweep efficiency improvement #'. The mechanisms responsible for heavy oil
recovery by emulsified solvent flooding has been mentioned to be mobility control, oil viscosity reduction,
IFT reduction, and in-situ emulsification of oil, among which the mobility reduction by trapping of emulsion
droplets as well as oil viscosity reduction has appeared to be dominant mechanisms *'.

Based on solvent injection studies in both conventional and heavy oil reservoirs, the oil recovery as
well as solvent retrieval are essential for the process to be technically and economically feasible 7. The
objective of this study is to satisfy these two criteria by the application of solvent based nanofluid flooding
followed by waterflooding as a mobility control technique, which has not been tested so far in literature.
In addition to the oil viscosity reduction due to the presence of solvent, the presence of nanoparticles and
a co-stabilizing surfactant in solvent based nanofluid is able to generate in-situ emulsion with the chase
water. This process is both technically and economically viable as in-situ emulsion generation would result
in sweep efficiency improvement and the presence of chase water is effective in solvent retrieval. The sweep
efficiency improvement during solvent based nanofluid flooding followed by waterflooding is derived from
real time monitoring of fluid density profiles using a computed tomography (CT) scanner and solvent
retrieval is calculated based on the effluent sample analysis.

MATERIALS AND METHODS

Test Fluids

Hydrophilic silica nanoparticles were firstly synthesized in this study as the most commonly used and cost-
effective option for oil recovery applications. They were subsequently treated with a chemical reagent,
hexamethyldisilazane (HMDS), to become partially hydrophobic 4. Several characterization tests were
conducted on both hydrophilic and partially hydrophobic silica NPs to assess the efficiency of modification,
which are mentioned in detail in our previously published work 4. Based on the characterization tests, the
size of partially hydrophobic silica NPs (HSNP) was measured to be 137.2 nm with a reduction of 49%
in surface hydroxyl group of the particles after modification. Due to the presence of both hydroxyl groups
(Si-OH) and hydrocarbon groups (trimethylsiloxy (Si-O-Si-(CHs);) on the surface of HSNP, they revealed
proper affinity to the interface of oil and water phases as well as the ability to be dispersed in the hydrocarbon
phase.

To prepare a solvent based nanofluid, 0.5 %wt. of partially hydrophobic silica NPs (HSNP) with 0.5 %wt.
of a co-stabilizing surfactant (Span® 80) were dispersed in toluene. Toluene was used as a solvent in this
study to prevent possible asphaltene precipitation with the oil phase. A Western Canada heavy oil sample
provided by CNRL was used as the oil phase in this study, which was diluted with 20% toluene by volume
to reach a viscosity of 100 mPas for all experiments. The brine phase used for waterflooding was 1 %wt.
potassium iodide (KI) in deionized water to provide contrast for CT scanning. The properties of the fluids
used in the core flooding experiments are mentioned in Table 1.
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Table 1—The test fluids properties used in the core flooding experiments.

Test T1: Control T2: S/0.1 PV T3: SNF/0.1 PV T4: S/1 PV T5: SNF/1 PV
. Toluene with NPs Toluene with NPs
Solvent type/Slug size N/A Toluene/0.1 PV and surfactant/0.1 PV Toluene/1PV and surfactant/l PV
Brine 1 %wt. KI 1 %wt. KI 1 %wt. KI 1 %wt. KI 1 %wt. KI
NP type N/A N/A HSNP N/A HSNP
NP Conc. (Yowt.) 0 0 0.5 0 0.5
Surfactant type N/A N/A Span® 80 N/A Span® 80
Surfactant 0 0 05 0 05

conc. (Yowt.)

p.(kg/m?) 1006.1 1006.1 1004.3 1005.9 1006.1
po(kg/m?) 940.2 943.8 943.8 941.4 943.8
po(kg/m?) N/A 866.9 871.6 866.9 871.6
1,(mPas) 1.12 1.12 1.12 1.12 1.12
p,(mPas) 100.15 102.67 102.67 101.27 103.17
p(mPas) N/A 0.54 0.69 0.54 0.69

* p, and , are the solvent density and viscosity.

* S and SNF are the solvent and solvent based nanofluid.

Core flooding Experiments

A series of core flooding experiments were designed in an oil-wet sandpack to assess the effect of solvent
based nanofluid flooding followed by waterflooding on sweep efficiency and oil recovery. The schematic
of the core flooding set-up is shown in Figure 1, consisting of: a sandpack which is embedded in a CT-
scanner, an Isco syringe pump to inject fluids, transfer vessels, a pressure transducer, and a data acquisition
system which is integrated to a processing software. The sandpack used in this study is 31 cm long with
an internal diameter of 2.54 cm. The sand particles were 50-70 mesh particle sizes which were treated with
SurfaSil™ siliconizing fluid to become oil-wet. Table 2 presents the physical and hydraulic properties of
the sandpack used in each experiment.

Figure 1—Schematic of the core flooding set-up embedded in a CT-scanner.
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Table 2—Physical and hydraulic properties of sandpack.

Test T1: Control T2: S/0.1 PV T3: SNF/ 0.1 PV T4: S/1 PV T5: SNF/1 PV
¢ (%) 37.7 38.2 38.3 38.4 37.8
K () 25.14 249 26.1 25.8 24.3
PV (ecm?) 59.3 60.03 60.19 60.29 59.43
Soi 0.89 0.87 0.88 0.89 0.88
Sy 0.11 0.13 0.12 0.11 0.12
O (cm’/min) 0.5 0.5 0.5 0.5 0.5
V (ft/day) 4.66 4.66 4.66 4.66 4.66

Prior to any experiment, the sandpack was vacuumed and fully saturated with deionized water.
Afterwards, crude oil was injected at a constant flow rate of 3 cm?/min for two pore volumes to saturate the
sandpack with oil in the presence of connate water saturation. Figure 2 illustrates the schematic of the core
flooding experiments conducted in the oil saturated sandpacks in tests T1 to T5.

Figure 2—An illustration of core flooding experiments conducted in tests T1 to T5. WF,
S, and SNF denote waterflooding, solvent, and solvent based nanofluid, respectively.

According to Figure 2, a control experiment (T1) was firstly conducted by injecting brine (waterflooding)
at a constant injection rate of 0.5 cm?*min for 2.5 pore volumes. Conventional solvent flooding was
conducted in experiment T2 as a baseline. In test T2, toluene was injected into the oil saturated sandpack at
a constant flow rate of 0.5 cm?*/min and a slug size of 0.1 pore volume (PV). Waterflooding was conducted
afterwards at a constant flow rate of 0.5 cm?/min for 2.5 pore volumes to displace the solvent.

To conduct solvent based nanofluid flooding and compare it against conventional solvent flooding, test
T3 was conducted in the presence of NPs and surfactant (see Figure 2). In test T3, toluene with 0.5 %wt.
HSNP and 0.5 %wt. Span® 80 was injected into the oil saturated sandpack at a rate of 0.5 cm?*/min and a
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slug size of 0.1 PV. It was then followed by 2.5 pore volumes of brine at 0.5 cm3/min to assess potential
sweep efficiency improvement through in-situ emulsification in the presence of the solvent based nanofluid.

To investigate the effect of solvent slug size, tests T4 and TS5 were conducted similar to that of tests T2
and T3 at a slug size of 1 pore volume (see Figure 2). In test T4, 1 pore volume of toluene in the absence
of NPs and surfactant was injected into the oil saturated sandpack, followed by 2.5 pore volumes of brine
at a constant flow rate of 0.5 cm?/min. Test T4 was then compared against test T5 in which 1 pore volume
of solvent based nanofluid (toluene with HSNP and Span® 80) was injected into the oil saturated sandpack
and was further followed by 2.5 pore volumes of brine. It should be noted that a test in the presence of
surfactant alone (0.5 %wt. Span® 80) in the solvent phase was also conducted in our previous research using
a mineral oil #. However, it was found that the presence of NPs and surfactant was more effective than the
presence of surfactant alone as they were able to enhance the oil production rate with much lower pressure
drawdown compared to the surfactant alone test #4. That is why the tests with both NPs and surfactant were
only conducted for the crude oil experiments.

The internal displacement dynamics during waterflooding of tests T1 to TS were monitored in real time
using a medical CT-scanner. The scanning was conducted every 1 cm along the sandpack at different pore
volumes of brine injection and several standard samples were scanned along the sandpack for calibration.
Fluid density profiles during waterflooding of tests T1 to T5 was obtained by processing CT scan images at
different pore volumes of brine injection. The obtained density profiles were subsequently compared with
each other to assess potential sweep efficiency improvement during solvent based nanofluid flooding.

Effluent Sample Analysis

To evaluate solvent retrieval and oil recovery performance, effluent samples were analyzed in several steps.
The mass of each effluent vial was measured before and after sampling. After sampling, the effluent samples
were centrifuged at 4000 RPM for 30 minutes to separate the oil and water phases. The volume of water
phase was then recorded and corrected according to the previously measured masses. Using a separator
funnel, the water phase was discharged from the mixture of oil and toluene (solvent). The mixture of oil and
toluene was then transferred to a rotary evaporator apparatus to evaporate the toluene at 70 °C and 125 mbar,
leaving the oil phase behind. It should be mentioned that the amount of the oil phase loss during evaporation
at 70 °C and 125 mbar was measured separately with an oil sample and found to be negligible. Since the
oil phase loss was negligible, the mass of the oil phase remained after evaporating toluene was measured
and converted to the oil volume using the oil density. It should be noted that since the oil phase was diluted
with 20% toluene by volume, the oil volume was corrected accordingly. The solvent (toluene) mass was
calculated by subtracting the total fluid mass of each vial from the water phase and diluted oil phase masses.
The solvent mass was subsequently converted to the solvent volume using the solvent (toluene) density.
This procedure was repeated for all effluent vials to obtain the oil and solvent recovery as a function of
the pore volume injected.

RESULTS AND DISCUSSION

This section starts with comparing the fluid density profiles obtained from processing CT scans for tests T1
to TS. Afterwards, the oil and solvent recovery, IFT and contact angle measurements as well as pressure
drop performance are presented for tests T1 to T5. The obtained results are compared against each other to
investigate the effect of solvent based nanofluid flooding followed by waterflooding on sweep efficiency,
oil recovery, and solvent retrieval performance.

Fluid Density Profiles

T1: Control Experiment. Figure 3 and Figure 4 show the fluid density profiles obtained from processing
CT scan images at different pore volumes of brine injection into an oil saturated sandpack for the control
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experiment (T1). The blue regions in Figure 4 represent the water phase density and red regions represent the
oil phase density. Moreover, the density values reported here are apparent density values to accommodate
for the enhanced CT contrast using potassium iodide. The lateral CT images during waterflooding of test
T1 are shown at two different planes of x-z and y-z in Figure 4 (a) and Figure 4 (b), respectively. Figure 4
(c) also shows the cross-sectional CT slices as well as the sandpack 3D visualization at 0.18 pore volume
of brine injection (PVI). According to the 3D reconstruction image in Figure 4 (¢), x-z plane represent the
sandpack view from top (horizontally) and y-z plane represent the sandpack view from the side (vertically),
with gravity pointing downward. IC represents the initial condition of the sandpack: saturated with the oil
phase with connate water saturation, hence the uniform density profile in Figure 3 and uniform red regions
in Figure 4.

Figure 3—Fluid density profiles along the sandpack for test T1: Control at different pore volumes
of water injection. IC (black) is the initial condition (oil and water at connate water saturation).
WF denotes waterflooding. Light to dark blue are profiles for waterflooding as PVI increases.
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Figure 4—Lateral CT scans during waterflooding of test T1 (control experiment) at two
different planes of (a) x-z and (b) y-z. WF denotes waterflooding. (c) Cross sectional CT slices
of test T1: control at 0.18 PVI (top) and the corresponding 3D reconstruction view (bottom).

According to Figure 3 and Figure 4, the displacement front is not uniform during waterflooding of heavy
oil (T1). As can be found specially in the vertical view (y-z plane) in Figure 4, there are high water saturation
regions (blue) next to the regions of high oil saturation (red). This represent the non-uniform displacement
of the injected brine as a result of the unfavorable mobility ratio between the oil and water phases. Moreover,
there are some signs of gravity underride of the water phase, especially after 0.3 PVI in the y-z direction.
This is due to the tendency of the water phase to displace the medium in a gravity stable manner as it has
higher density than the oil phase (see Table 1). By careful examination of Figure 4 (b) at late pore volumes
of brine injection, it is clear that some of the oil phases are bypassed by the brine phase due to the viscous
fingering effect and the main part of the oil phase are trapped in the upper regions of the sandpack as a
result of the water gravity underride. The control experiment (T1) shown here has clearly addressed both
the fingered flow and gravitational segregation in an adverse mobility ratio condition and has been used as
a base line to further investigate the effect of presenting solvent or solvent based nanofluid on displacement
dynamics.

T2: S/0.1 PV vs. T3: SNF/0.1 PV

Figure 5 compares the fluid density profiles for test T2: S/0.1 PV with that of T3: SNF/0.1 PV. The
corresponding x-z lateral views of CT scans as well as cross sectional CT slices are shown in Figure 6. The
y-z lateral CT scans of tests T2 and T3 are also shown in Figure 7. The cross sectional CT slices during
waterflooding of tests T2 and T3 are compared with each other at 0.4 PVI and 0.6 PVI, which are shown
in Figure 6 (c) and Figure 7 (c), respectively. The blue regions in these figures represent the brine phase
density, the red regions represent the solvent (a) or solvent based nanofluid (b) density, and the yellow
regions represent the oil phase density.
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Figure 5—FIluid density profiles along the sandpack for tests (a) T2: S/0.1 PV, and (b) T3: SNF/0.1 PV
at different pore volumes of injection. IC (black) is the initial condition (oil and water at connate water
saturation). S, SNF, and PWF denote solvent (red in (a)), solvent based nanofluid (red in (b)), and post

waterflooding (blue), respectively. Light to dark blue are profiles for post waterflooding as PVI increases.
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Figure 6—X-Z lateral CT scans during brine injection into an oil-saturated sandpack in the presence
of (a) 0.1 PV solvent (T2) and (b) 0.1 PV solvent based nanofluid (T3). S, SNF, and PWF denote
solvent, solvent based nanofluid, and post waterflooding, respectively. (c) Comparison of CT

slices at 0.4 PVI for tests T2: S/0.1 PV and T3: SNF/0.1 PV. Each slice is 1 cm apart longitudinally.
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Figure 7—Y-Z lateral CT scans during brine injection into an oil-saturated sandpack in the presence of (a) 0.1 PV
solvent (T2) and (b) 0.1 PV solvent based nanofluid (T3). Labels are as Figure 6. (c) Comparison of CT slices at 0.6 PVI
for tests T2: S/0.1 PV and T3: SNF/0.1 PV. Each slice is 1 cm apart longitudinally. Gravity is downward in all images.

As it can be observed from Figure 5, the fluid density profiles are more uniform with later water
breakthrough in the presence of solvent based nanofluid (T3) compared to the solvent alone (T2). Based on
the x-z lateral CT scans in Figure 6, there are several water fingers on the walls and middle of the sandpack
during waterflooding of test T2 in the presence of 0.1 pore volume solvent. However, several water fingers
in test T2 are turned into one dominant finger in the core center in the presence of solvent based nanofluid
(T3) especially after 0.4 pore volume of brine injection.

The vertical lateral view of the sandpack in the y-z plane shown in Figure 7 also reveals preferential
water displacement in the presence of solvent based nanofluid (T3). Unlike test T2 where the chase water
has swept the diluted oil randomly with several fingers, the water phase in test T3 has displaced all the
regions that are invaded by solvent based nanofluid. Since the solvent phase tends to displace upper regions
of the sandpack due to its lower density compared to the oil phase density (see Table 1), the water phase
has also invaded the upper regions of the sandpack even though it naturally tends to have a gravity stable
displacement. This clearly reveals that the presence of solvent based nanofluid is effective in re-distributing
the flow paths of the water phase. The cross-sectional CT slices at 0.4 PVI and 0.6 PVI also reveal that
during displacement of 0.1 pore volume of solvent by water (test T2), the water phase has invaded different
areas of the sandpack and bypassed the oil phase in different regions. However, the displacement of 0.1
pore volume of solvent based nanofluid by water (test T3) is more preferential as the water phase invades
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upper regions of the sandpack that are swept by the solvent based nanofluid. It seems that density contrast
matters much more for the solvent based nanofluid, but not for the water. Additionally, the fluid density
profiles in Figure 5 suggest a decrease in water phase mobility and better sweep of the regions invaded by
solvent based nanofluid with water.

This is due to the in-situ emulsion formation at the interface of the invading brine and diluted oil due to
the presence of partially hydrophobic silica NPs and a co-stabilizing surfactant in the solvent phase. As the
brine phase invades the sandpack in the presence of solvent based nanofluid, the partially hydrophobic NPs
and surfactant could preferably accumulate at the oil-water interface, resulting in the formation of in-situ
emulsion via Roof snap-off at the pore scale +-5°. The in-situ emulsions have higher viscosity compared to
the invading brine, which prevent the water phase to create several fingers in the oil phase and stabilize the
front in turn. The in-situ emulsion formation during waterflooding of solvent based nanofluid is resulted in
local displacement efficiency improvement compared to the presence of solvent alone.

T4: 8/1 PV vs. T5: SNF/1 PV. Figure 8 compares the fluid density profiles for test T4: S/1 PV with that
of T5: SNF/1 PV. The corresponding x-z lateral views of CT scans as well as cross sectional CT slices are
shown in Figure 9. Moreover, Figure 10 compares the y-z lateral CT scans during waterflooding of tests
T4 and T5. Note that the only difference of tests T4 and TS with tests T2 and T3 is in the solvent slug
size, which has increased to 1 pore volume compared to that of 0.1 pore volume. The red regions in Figure
9 and Figure 10 represent the areas that are invaded either by solvent or solvent based nanofluid. Since
solvent/ solvent based nanofluid have lower density than the oil phase, there is gravity override of solvent
in the sandpack. That is why the red regions representing the solvent phase are in the upper regions of the
sandpack in Figure 10.

Similar to the observations made at lower slug size, Figure 8 reveals a more uniform water displacement
with later water breakthrough at larger solvent based nanofluid slug size compared to solvent alone.
According to the vertical CT view in Figure 10 (b), as the brine phase invades the sandpack in the presence
of solvent based nanofluid, it has displaced all the lower resistance regions displaced by solvent based
nanofluid. That is why the water displacement shows some sign of gravity override especially before
breakthrough time. After 1.5 PVI, water phase has expanded further and displaced some lower regions of
the sandpack in a gravity stable form.

The water phase flow paths during displacement of 1 pore volume of either solvent or solvent based
nanofluid can be also observed by comparing cross sectional CT slices in Figure 9 (c¢) and Figure 10 (¢) at
1.18 PVI and 1.3 PVI. Both figures reveal that during displacement of 1 pore volume of solvent by water,
the water phase has invaded different areas of the sandpack. However, the displacement of 1 pore volume
of solvent based nanofluid by brine shows a completely different behavior where water has displaced upper
areas of the sandpack uniformly and left the oil phase in lower regions of the sandpack.

The water displacement in the upper regions is primary due to greater dilution creating a lower viscosity
oil phase there. As the brine phase invades the sandpack, the viscosity ratio (up/pg) between the invading
brine and diluted oil is smaller in the upper regions of the sandpack. Therefore, the brine phase preferably
invades through the lower resistance paths in the upper regions compared to the lower ones. This is primary
valid for both solvent and solvent based nanofluid cases. However, the water phase then invades downward
for the solvent case but not for the solvent based nanofluid. For the solvent based nanofluid, water phase
follows the solvent based nanofluid paths with a locally shock like front. This behavior is again related to
in-situ emulsification between the brine and diluted oil, as can be observed by the sharp green interface
shown by ovals and arrows in Figure 10 (b). This in-situ emulsification is related to the IFT reduction in the
presence of surfactant and partially hydrophobic silica NPs as well as the shear present in porous media as
a result of fluid flow. Both the shear rate and IFT reduction results in creation of emulsions at the interface
of invading brine, resulting in a stabilized displacement front. The in-situ emulsions were also observed in
the effluent. However, they were not stable and broke down after production.
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Figure 8—FIluid density profiles along the sandpack for tests (a) T4: S/1 PV, and (b)

T5: SNF/1 PV at different pore volumes of injection. Colors and labels are as Figure 5.
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Figure 9—X-Z lateral CT scans during brine injection into an oil-saturated sandpack in the presence of
(a) 1 PV solvent (T4) and (b) 1 PV solvent based nanofluid (T5). Labels are as Figure 6. (c) Comparison
of CT slices at 1.18 PVI for tests T4: S/1PV and T5: SNF/1 PV. Each slice is 1 cm apart longitudinally.
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Figure 10—Y-Z lateral CT scans during brine injection into an oil-saturated sandpack in the presence of (a) 1 PV
solvent (T4) and (b) 1 PV solvent based nanofluid (T5). Labels are as Figure 6. (c) Comparison of CT slices at 1.3
PVI for tests T4: S/1 PV and T5: SNF/1 PV. Each slice is 1 cm apart longitudinally. Gravity is downward in all images.

Although the in-situ emulsions at the water front are effective in preventing the brine phase from creating
several fingers in the oil phase, the in-situ emulsions at the lower boundary of water tongue can prevent
the water phase to sweep downward in a gravity stable form. Therefore, in addition to the viscosity ratio
difference which retards the water phase invasion to the lower regions of the sandpack, the presence of in-
situ emulsions at the lower boundary of water tongue can be another possible reason which prevents it from
displacing the lower regions.

Upon post water flooding and water breakthrough, water entering the bottom half of the sand pack invades
both into the swept zones and recovers the oil in the lower green zones. Therefore, the water phase is
gradually displacing the lower regions of the sandpack at 3.5 PVI as shown in Figure 10 (b).

Although there are some signs of solvent gravity override at different solvent slug sizes of 0.1 and 1
pore volume, the presence of solvent based nanofluid at both slug sizes is effective in stabilizing the chase
water displacement front and results in sweep efficiency improvement compared to the conventional solvent
flooding.

Oil Recovery and Solvent Recovery Performances

Oil Recovery. Figure 11 shows the amount of oil recovered during injection of either solvent or solvent
based nanofluid followed by water compared to the simple waterflooding. Table 5 also summarizes
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important recovery results obtained during displacements of tests T1 to T5. The CT images at the end of post
waterflooding for tests T1 to TS are divided into half sections and analyzed to obtain residual oil saturation
for the upper and lower half of the sandpack as shown in Table 5.

Figure 11—Oil recovery factor during solvent/solvent based nanofluid flooding followed by
waterflooding for tests T1 to T5. S and SNF denote solvent and solvent based nanofluid, respectively.

According to Figure 11 and Table 5, the ultimate oil recovery during simple waterflooding in test T1 is
about 44%. Furthermore, there is 8% lower residual oil saturation in the lower half of the sandpack (47%)
compared to the upper half (55%). This suggests the water gravity underride during simple waterflooding
as shown in Figure 4 (b). For tests T2 and T3, where respectively 0.1 pore volume of solvent and 0.1 pore
volume of solvent based nanofluid are injected followed by water, the ultimate oil recovery values are the
same and around 55%. Although the final oil recovery values of tests T2 and T3 are relatively the same,
there is an improvement in the local displacement efficiency of test T3 as shown in Figure 6 and Figure
7. The improvement in local displacement efficiency is related to the dilute emulsion formation, which
stabilizes the water displacement front. This stabilized front reduced the residual oil to 24% in the swept
zones (see Table 5). However, the high bypassed oil saturation of 54% in the not-yet-swept zones (lower
half of the sandpack) offset the small residual oil saturation of 24% in the swept zones (upper half of the
sandpack). This resulted in the same amount of overall residual oil saturation of 39% for tests T2 and T3,
even though the displacement profiles were different.

Unlike tests T2 and T3, the oil recovery factor during waterflooding of tests T4 and T5 with larger solvent
slug sizes are different. According to Figure 11 and Table 5, the amount of oil recovery up to 1 pore volume
is related to either solvent or solvent based nanofluid injection, which is about 50% for both T4 and T5
tests. After one pore volume, brine is injected to displace the diluted oil in the absence or presence of NPs
and surfactant. As shown in Figure 11 and Table 5, the test TS in the presence of solvent based nanofluid
has 0.14 PVI later breakthrough time with around 9% higher final oil recovery compared to test T4. This is
due to the more stable displacement of test TS as a result of in-situ emulsification as shown in Figure 9 and
Figure 10. Table 5 also reveals that the residual oil saturation in the swept zones (upper half of the sandpack)
in test TS5 is greatly reduced to 11%. However, it is 43% in the lower half of the sandpack which are not
swept by the solvent based nanofluid. Although the displacement efficiency in test TS was compromised
by gravity override, the overall residual oil saturation (27%) was still 9% lower than that of T4 (36%). The
presence of one pore volume of solvent based nanofluid was effective in stabilizing the chase water front,
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which delayed the breakthrough time, reduced the residual oil in the swept zones substantially and resulted
in higher oil recovery.

The comparison of tests T2 and T4 in Table 5 also reveals that as the solvent slug size is increased from
0.1 to 1 pore volume, the final oil recovery of waterflooding has increased by only 5%. Therefore, there is
only 5% increase in the final oil recovery amount as the solvent slug size increases ten times. However, the
comparison of tests T3 and T5 in Table 5 reveals that by increasing the solvent based nanofluid slug size
from 0.1 to 1 pore volume, the final amount of oil recovery to waterflooding has increased by about 13%.
This clearly reveals that increasing the solvent based nanofluid slug size has a more profound effect on the
final oil production as it would be able to sustain the created emulsion for a longer period of time, resulting
in more uniform displacement and higher oil recovery compared to smaller slug size.

Table 5—A summary of important recovery results for tests T1 to T5.

Test T1: Control T2: S/0.1 PV T3: SNF/ 0.1 PV T4: S/1 PV T5: SNF/1 PV
PV at water BT 0.19 0.21 0.26 0.37 0.47
S, at water BT 0.27 0.31 0.37 0.41 0.47
Sor 0.51 0.39 0.39 0.36 0.27
S, Upper half 0.55 0.39 0.24 0.38 0.11
S, Lower half 0.47 0.40 0.54 0.34 0.43
RF (%) at S/SNF flooding N/A 12.4 11.4 49.1 50.9
RF (%) at WF/PWF 43.7 55.2 55.7 60.1 68.9
Solvent RF (%) N/A 95.4 92.7 96.4 97.2

Solvent Recovery. As mentioned previously, due to the high solvent cost in solvent based processes, solvent
retrieval is an important factor that needs to be considered in addition to the amount of oil recovery. Herein,
the amount of solvent recovered during injection of either solvent or solvent based nanofluid followed by
waterflooding is shown in Figure 12 for tests T2 to T5. According to Figure 12 and Table 5, the ultimate
solvent recovery for tests T2 to TS5 are more than 90% with the highest amount of solvent recovery for test
TS5 which is about 97%. This reveals that the chase water was able to recover most of the injected solvent
for tests T2 to TS5 with different solvent slug sizes.
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Figure 12—Solvent retrieval during solvent/solvent based nanofluid flooding followed by
waterflooding for tests T2 to T5. S and SNF denote solvent and solvent based nanofluid, respectively.

Although solvent retrieval is more than 90% for tests T2 to T35, the efficiency of solvent based
nanofluid flooding followed by waterflooding is still higher than conventional solvent flooding followed
by waterflooding based on both fluid density profiles and oil recovery performances. To elaborate on, the
combination of both oil recovery and solvent recovery results in Figure 11 and Figure 12 clearly reveal
that solvent based nanofluid flooding followed by waterflooding is not only able to increase the sweep
efficiency and oil recovery, but it is also effective in solvent retrieval. Although the solvent retrieval is
relatively high in the case of conventional solvent flooding followed by waterflooding (see Table 5), the
sweep efficiency improvement and oil recovery performance of conventional solvent flooding shown earlier
are not as much significant as the solvent based nanofluid flooding. Therefore, the proposed technique
can be both technically and economically feasible as it results in higher oil recovery and more uniform
displacement compared to conventional solvent flooding followed by waterflooding and recovers significant
amount of the solvent as well.

IFT and Contact Angle Analysis

Table 3 and Figure 13 show the interfacial tension (IFT) values between the oil and brine phases for tests
T1 to TS through the pendant drop method. In order to mimic the oil phases present in tests T2 to TS5, the
solvent and solvent based nanofluid were mixed with the oil phase in 1:10 volumetric ratio for tests T2 and
T3, and in 1:1 volumetric ratio for tests T4 and T5. The interfacial tension between the prepared oil phases
and brine (1 %wt. KI) were then measured using OCA 15EC instrument. It should be noted that brine (1
%wt. KI) was used as the surrounding phase for all cases and the prepared oil phases were injected from
bottom to top for each case.
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Figure 13—Shape of the oil droplets in the brine phase during IFT measurement for tests
(a) T1: Control, (b) T2: S/0.1 PV, (c) T3: SNF/0.1 PV, (d) T4: S/1 PV and (e) T5: SNF/1 PV.

Table 3 and Figure 14 also reveal the results of contact angle measurement for tests T1 to T5. According
to Figure 14, an oil droplet in the absence (T1) or presence of 1:1 volumetric ratio of solvent based nanofluid
(TS5) was placed on the Surfasil treated glass surface in the presence of brine (1 %wt. KI) as the surrounding
phase. The contact angle values were then measured through the brine phase.

Figure 14—The oil droplets on the Surfasil treated glass surface in the presence of
brine during contact angle measurement for tests (a) T1: control and (b) T5: SNF/1 PV.

Table 3—IFT and contact angle values for tests T1 to T5.

Test T1: Control T2: S/0.1 PV T3: SNF/0.1 PV T4: S/1 PV T5: SNF/1 PV
IFT (mN/m) 23.1+0.1 23.4+0.5 18.7+0.2 23.6+0.1 7.8+0.1
Contact Angle (°) 159.1+0.6 N/A N/A N/A 159.9+0.5

According to Table 3 and Figure 13, the interfacial tension values are relatively close to each other for
tests T1, T2, and T4. In other words, by increasing the solvent volume in the oil phase, the interfacial tension
between the brine and oil phase has only slightly increased from 23.1+0.1 mN/m in test T1 to 23.440.5 mN/
m in test T2 and 23.6+0.1 mN/m in test T4. Therefore, the IFT value does not change significantly as the
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solvent slug size increases in the oil phase. The main improvements in oil recovery seen in Figure 11 for
tests T2 and T4 are then related to the oil viscosity reduction in the presence of solvent.

For tests T3 and T5 on the other hand, the IFT values are respectively decreased to 18.7+0.2 mN/m and
7.8+£0.1 mN/m compared to that of 23.1+0.1 mN/m for test T1. Therefore, there is a decrease in IFT value
as the solvent based nanofluid slug size increases due to the presence of partially hydrophobic NPs and a
surfactant in the solvent. The decrease in IFT value for test T3 is not significant compared to that of test
T2 (19% reduction). This confirms that the local displacement efficiency improvement in test T3 compared
to that of test T2 is related to the in-situ emulsification as discussed previously. Unlike test T3, there is a
more pronounced IFT reduction for test TS in the presence of 1:1 (v/v) solvent based nanofluid in the oil
phase, which is 67% lower compared to that of test T4. The IFT reduction in test TS5 has not only affected
the final oil recovery as shown in Figure 11, but also provided the required energy to create a larger surface
area through formation of emulsions at the brine invading front. The formation of in-situ emulsions in test
T5 reduced water phase mobility and increased sweep efficiency as shown in Figure 10.

Unlike the IFT variation in the presence of solvent based nanofluid, the contact angle values are not
changed significantly in the presence of solvent based nanofluid. According to the results in Table 3 and
Figure 14, the contact angle value for test T1 is 159.1+0.6°, which is changed to 159.9+0.5° for test T5
with 1:1 (v/v) solvent based nanofluid. This suggests that there is no wettability alteration in the presence of
solvent based nanofluid and that the wettability remains oil-wet even at the highest solvent based nanofluid
slug size (T5). Therefore, the sweep efficiency and oil recovery observed in the presence of solvent based
nanofluid cannot be related to the wettability alteration and are mainly affected by the oil viscosity reduction,
IFT reduction, in-situ emulsification and the associated mobility control.

Pressure Drop Behavior

The pressure drop profiles during waterflooding of tests T1 to TS5 are shown in Figure 15. It should be
mentioned that the initial pressure drop in each test is the pressure drop during fluid flow at 0.5 cm3/min
prior to starting water injection. Therefore, the difference in the initial pressure drop for each test is related
to the difference in the fluid flow condition prior to waterflooding. For example, the initial pressure drop
for test T1 is the case where the oil phase is flowing at 0.5 cm?/min in the sandpack. However, test T2 is the
case where 0.1 pore volume of solvent as well as the oil phase are flowing at 0.5 cm?/min. Since injecting
the solvent in test T2 reduces the oil viscosity compared to test T1, the pressure drop decreases accordingly
which can be observed in Figure 15. This can be also observed for test T4 where 1 pore volume of solvent
as well as the oil phase are flowing at 0.5 cm’/min. Since the oil viscosity decreases significantly in the
presence of 1 pore volume of solvent, the initial pressure drop is even lower than that of test T2 with 0.1
pore volume of solvent. It should be mentioned that although the initial condition for tests T2 and T3 as
well as tests T4 and T5 are the same, there are small differences in the initial pressure drop which is related
to the differences in sandpack properties (see Table 2).
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Figure 15—Pressure drop profiles during post waterflooding of tests T1 to
T5. S and SNF represent solvent and solvent based nanofluid, respectively.

According to Figure 15, as the water phase invades the sandpack saturated with the oil phase in test T1, the
water phase saturation increases and pressure drop decreases accordingly. The decreasing trend of pressure
drop can be also observed in tests T2 and T3. Careful comparison of pressure drop profiles before 0.5 PVI
for tests T2 and T3 shows that there is a sharp decrease in pressure drop for test T3 compared to that of test
T2. This reveals that before 0.5 PVI, the oil production rate is higher for test T3 compared to that of test
T2, which can be also observed in Figure 11. Therefore, the presence of 0.1 PV of solvent based nanofluid
can suppress water fingering in comparison to 0.1 PV of solvent flooding (see Figure 7 (b)). This results in
local displacement efficiency improvement in the presence of solvent based nanofluid, which accelerates
the oil production rate accordingly. After 0.5 PVI, the pressure drop has a continuous decreasing trend for
test T2, while there is a relatively constant trend for the test T3 with more pronounced fluctuations. The
more pronounced pressure fluctuations in the test T3 would be related to the in-situ emulsion formation
during waterflooding of 0.1 pore volume of solvent based nanofluid which has resulted in local displacement
improvement and created a different pressure drop behavior compared to waterflooding of solvent alone.

The pressure drop profiles during waterflooding of tests T4 and TS5 show an increasing and a decreasing
trend which is different from previous cases. In both tests T4 and TS5, the sandpack is firstly invaded by one
pore volume of either solvent or solvent based nanofluid. As one pore volume of solvent or solvent based
nanofluid is invaded to the sandpack, the oil phase becomes diluted gradually via miscible displacement.
However, as water phase invades the sandpack afterwards, the displacement becomes immiscible, in which
the relative permeability plays an important role on the flow performance. Since the pressure drop has an
increasing trend during waterflooding of tests T4 and T3, it suggests that relative permeability for the brine
phase upstream of the immiscible displacement front is small enough that its mobility is smaller than the
mobility of the diluted oil phase. That is why the pressure drop increases before water breakthrough.

The pressure drop profiles also reveal that there is a delay in breakthrough time for test TS compared
to that of test T4. This is due to the more stable waterflooding of test TS in the presence of solvent based
nanofluid compared to that of test T4, as can be observed by fluid density profiles in Figure 10. Therefore, the
pressure drop keeps its increasing trend for a longer time. After breakthrough, the pressure-drop decreases
for both tests T4 and TS5 as the water phase creates its percolating pathway in the porous media. The pressure
drop then becomes relatively constant after 2 PVI for both cases. The lower magnitude of pressure drop
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for test T5 is related to the higher oil production rate during waterflooding of test TS as can be observed in
Figure 11. Although the pressure drop value in test T5 is less than that of test T4, there is small difference
between the values.

Unlike tests T2 and T3, the pressure-drop profiles during waterflooding of tests T4 and T5 with larger
solvent slug size have the same trend and do not provide much information about the displacement
efficiency. However, visual observations obtained from CT scanning along with the oil recovery and solvent
recovery profiles in tests T4 and T5 provide a proper understanding of the efficiency of the proposed heavy
oil recovery technique on sweep efficiency and oil recovery.

CONCLUSIONS

The effect of solvent based nanofluid flooding followed by waterflooding was investigated on sweep
efficiency and oil recovery in an oil-wet porous media. The sweep efficiency improvement during such
displacement was monitored with a CT scanner and compared to that of conventional solvent flooding
followed by waterflooding. The following conclusions are made based on real time monitoring of density
profiles, pressure drop as well as the oil and solvent recovery performances in the range of variables tested:

o Simple waterflooding of a medium viscosity heavy oil revealed both the fingered flow and
gravitational segregation as a result of the adverse mobility ratio and density differences.

o Waterflooding of 0.1 pore volume of solvent based nanofluid revealed local displacement
efficiency improvement compared to waterflooding of solvent alone due to the formation of
emulsion at the invading brine interface. The local oil mobility enhancement in the presence of
0.1 PV of solvent based nanofluid accelerated the oil production rate, even though the ultimate oil
recovery was the same as that of solvent alone.

e Waterflooding of one pore volume of solvent based nanofluid increased sweep efficiency and
reduced the residual oil saturation to 11% in the swept zones. This was related to the formation
of in-situ emulsion at the water-diluted oil interface which decreased the water phase mobility,
suppressed water fingering, stabilized the displacement front, and resulted in 9% higher oil
recovery compared to waterflooding of solvent alone.

e Increasing the solvent based nanofluid slug size to ten times had a more profound effect on oil
recovery than increasing the solvent slug size. This was due to the in-situ emulsion formation in
the presence of solvent based nanofluids as well as the ability of the generated emulsions to sustain
through the porous media at larger solvent based nanofluid slug size.

¢ Increasing the solvent slug size had a slight effect on IFT variation. However, there were a decrease
of about 19% and 67% as the solvent based nanofluid slug size increased ten times. This IFT
reduction promoted the emulsification and resulted in displacement efficiency improvement in the
presence of solvent based nanofluid.

e The chase water in either solvent or solvent based nanofluid retrieved more than 90% of the solvent
at different slug sizes of 0.1 PV and 1 PV, making the technique economically viable.

o Although some sign of solvent gravity override was observed in both solvent injection and solvent
based nanofluid injection, the chase water swept the solvent based nanofluid paths uniformly and
yielded a significant decrease in the residual oil saturation in the swept zones. Thus, the overall
displacement efficiency would be even more desirable in the absence of solvent gravity override.
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partially hydrophobic silica nanoparticle
liquid addition to steam to enhance recovery
nanofluid
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post waterflooding

recovery factor
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solvent

steam-assisted gravity drainage

solvent based nanofluid

solvent in water
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initial oil saturation

residual oil saturation
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displaced phase viscosity (mPas)
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